The reaction of tetrakis[bis(trimethylsilyl)methyl]digallane(4), 1, with 1,1′-ferrocenedicarboxylic acid afforded orange-red crystals of the macrocyclic compound 2 in a yield of 84%. 2 contains a large 32-atom heterocycle, which comprises four Ga-Ga single bonds bridged by four 1,1′-ferrocenedicarboxylato ligands. The largest diameter of the molecule is about 2.5 nm. The redox-active Ga-Ga sites and ferrocene iron centers are all oxidized irreversibly within a narrow potential range.
Introduction
Recently, we isolated the first organoelement compounds containing Al-Al, 1 Ga-Ga (1), 2 or In-In 3 single bonds which were sterically shielded and stabilized by four bulky bis(trimethylsilyl)methyl substituents. They showed an unprecedented chemical reactivity, and up to now we observed six different types of reaction, 4 of which the substituent exchange with retention of the element-element bonds is of particular interest. Such reactions succeeded only by treating the digallium compound 1 with protonic acids, [5] [6] [7] [8] while the cleavage of the Al-Al or In-In bonds and complete oxidation of the Al or In atoms were observed under similar conditions for the dialuminum and diindium analogues. 8, 9 Carboxylic acids reacted with 1 by the release of 2 equiv of CH 2 (SiMe 3 ) 2 and the almost quantitative formation of products in which the intact Ga-Ga bonds were bridged by two carboxylato ligands. [5] [6] [7] In contrast, a terminal coordination was observed for acetylacetonato derivatives 8 or the diphenyltriazenido ligand. 10,11 Dicarboxylato acids such as 1,4-benzenedi(methylcarboxylic) acid or 1,4-cyclohexanedicarboxylic acid gave macrocyclic compounds with up to 22 atoms, 7 in which two dialkyldigallium moieties were bridged by two dicarboxylato ligands. These reactions opened a very effective and simple route for the synthesis of such macrocyclic compounds and afforded the products in yields of more than 80% under quite normal conditions and with no consideration of the dilution principle. The dicarboxylic acids employed so far contained rather flexible hydrocarbon backbones, and we were much interested in employing more rigid systems, to obtain larger macrocycles or even polymers. The results obtained with 1,1′-ferrocenedicarboxylic acid are reported here.
Results and Discussion
A stoichiometric 1:1 mixture of compound 1 and 1,1′-ferrocenedicarboxylic acid was dissolved in n-hexane and stirred at room temperature for 24 h. An orangered solution was obtained, from which orange-red crystals of the macrocyclic product 2 were isolated in a yield of 84% after evaporation and recrystallization of the residue from cyclopentane (eq 1). Solid samples of 2 are air-stable for several days and decompose only above 280°C. The 1 H and 13 C NMR signals of the methine groups attached to gallium are shifted to high field ( 1 H, δ ) -0.32; 13 C, δ ) 4.5) in comparison with † Dedicated to Prof. Gerd Becker on the occasion of his 60th birthday.
(1) Uhl, W. Z. Naturforsch., B: Chem. Sci. 1988 , 43, 1113 Allg. Chem. 1999 , 625, 2095 the starting compound 1 2 ( 1 H, δ ) 1.11; 13 C, δ ) 25.9), which is very indicative of an enhancement of the coordination number of the gallium atoms from three to four. 5, 8, 12 The intensity ratios of the proton resonances showed that two bis(trimethylsilyl)methyl groups were replaced by a ferrocene dicarboxylato ligand. An absorption at 1532 cm -1 was observed for the CO 2 stretching vibration in the IR spectrum, which is identical to values obtained for the other dicarboxylatodigallium species cited above. [5] [6] [7] An impurity of about 10% was detected in all NMR spectra at room temperature ( 1 H NMR, SiMe 3 , δ ) 0.39; GaCH, δ ) -0.20); its intensity remained unchanged even after repeated recrystallization. However, its concentration changed reversibly with temperature and increased to 30% upon heating to 80°C
. Thus, we suppose that compound 2 partially dissociates in solution to give molecules containing three or two digallium units. Owing to the low solubility of 2 in benzene, we unfortunately did not succeed in determining the molar mass of 2, so that we have no information concerning the size of the molecules in solution at all. The "dimeric" formula unit with two Ga-Ga bonds and two ferrocene dicarboxylato bridges was detected as the highest mass in the mass spectrum.
Compound 2 crystallizes with three molecules in the unit cell, of which one is located on a crystallographic center of symmetry. The structure of one molecule is depicted in Figure 1 . 2 has a large macrocycle in its molecular center comprising four dialkyldigallium groups bridged by four ferrocene dicarboxylato ligands, which give a total number of 32 atoms in the heterocycle. The Ga-Ga bonds are bridged by two carboxylato ligands in a chelating manner and have short lengths of 2.382 Å on average (1: 2.541 Å). 2 The carboxylato groups coordinated to one Ga-Ga bond are almost perpendicular to one another, and the Ga-O bonds enclose angles of 93.5°. The Ga-Ga-C bond angles approach linearity (156.8°on average). A particular bonding situation results that may be interpreted in terms of sp-hybridized gallium atoms and was discussed in detail elsewhere. 6 The CO 2 groups of each ferrocene unit occupy trans positions. The cyclopentadienyl rings and their attached Ga 2 O 2 C heterocycles are almost ideally coplanar, and the normals of the planes enclose angles between 2.8°and 16.3°. The Fe-C distances are similar to those often observed before.
The Ga-Ga bonds are perpendicular to the molecular plane. But the ferrocene groups adopt orientations in which one cyclopentadienyl ring points toward the center of the heterocycle ("in"), while the second one is on its surface ("out"). Such an arrangement causes a chiral environment of the gallium atoms, because each Ga-Ga bond is coordinated by two chemically different carboxylato ligands, of which one is attached to an "in" and one to an "out" Cp ring. Owing to this particular coordination, the trimethylsilyl groups of each bis-(trimethylsilyl)methyl substituent should become diastereotopic. However, at room temperature only singlets were observed in the 1 H and 13 C NMR spectra, and a splitting into two resonances of equal intensity was detected only upon cooling of a solution of 2 in toluene to -40°C. As expected, the methine protons occurred as a single resonance at all temperatures. The cyclopentadienyl hydrogen atoms gave four resonances of equal intensity at low temperature, while only two resonances were observed upon heating to 80°C. Thus, the molecule shows a dynamic behavior in solution at (12) elevated temperature, which results in the rapid exchange between the "in" and "out" positions of the ferrocene ligands. This process is frozen at low temperature, and NMR spectra were obtained that are consistent with those predicted from the solid-state structure. The energy barrier ∆G q of this exchange process was estimated 13 to be ≈60 kJ/mol.
Compound 2 provides a very nice example of a large macrocyclic molecule in the nanometer scale obtained by a facile and very effective route. The largest diameter found between peripheral hydrogen atoms is about 2.5 nm. The separation between carbon atoms of the "in" cyclopentadienyl rings is between 7.60 and 8.40 Å, and the intramolecular Fe-Fe distances are about 7.80 Å between neighboring and 11.00 Å between opposite iron atoms. Owing to the particular conformation of the molecule, its cavity is not very large, and both diisopropyl ether molecules enclosed in the crystals per formula unit are not encapsulated, as observed several times before, 14,15 but situated in hollows above and below the heterocycles.
The electrochemical behavior of the ferrocene-digallium tetramer was investigated in both dichloromethane and THF solvents at room temperature and at -40°C (THF) and -78°C (CH 2 Cl 2 ). The qualitative behavior is similar in both cases, showing three distinct anodic features with the better resolution in THF. In this solvent a first irreversible process occurs at a peak potential of 0.365 V (0.2 V/s) versus the internal ferrocene standard. Under no conditions did we observe a directly associated cathodic peak. An irreversible cathodic feature at a peak potential of -1.76 V is found instead, which is absent if the cathodic regime is scanned first. This points to a fast chemical reaction following oxidation, producing a new electroactive species, which then is reduced at the much more cathodic potential. The first irreversible process is followed by a largely reversible wave at a half-wave potential of 0.41 V. At still higher potential another irreversible feature with a peak potential of 0.58 V (0.2 V/s) is observed. Scanning this process causes a significant increase in peak current of the cathodic return peak that had already been observed as arising from the chemical decomposition following the first oxidation. Due to the sluggish electron transfer of at least the second anodic step, the latter two waves merge at lower temperatures to an ill-defined composite feature. In CH 2 Cl 2 the overall behavior is additionally complicated by the lower chemical reversibility of the second couple. In this solvent the associated cathodic reverse peak is obtained at fast sweep rates or low temperatures only, i.e., under conditons where no resolution of the second and third anodic process is attained. We also addressed the question of how many electrons are transferred in the overall oxidation process by comparing the diffusion-controlled current from a large potential step in chronoamperometry and the limiting current from steady-state voltammetry with those of the ferrocene standard, as suggested by Baranski et al. 16 The result proved to be solvent dependent with n ) 8.7 in THF and 12 in CH 2 Cl 2 .
Each ferrocenodicarboxylatodigallium(II) unit of the tetramer offers two possible oxidation sites: the ferrocene iron and the Ga-Ga bond, which may be oxidized by two electrons in one or two consecutive steps. The irreversibility of both the first and third oxidation step and the identical electroactive product arising from the chemical decomposition following these oxidations let us assume that these two features are associated with stepwise oxidation of the Ga-Ga bond. The second oxidation feature is then attributed to the iron(II) center of the ferrocene dicarboxylate subunits, in line with the at least partially reversible nature of this process. In the tetramer four of these subunits are combined in a wheel-like structure, giving a total number of 12 electrons per molecule in accord with our experimental findings. Since only three waves are observed for the whole molecule, we may conclude that the individual electroactive subunits within the tetramer are electrochemically isolated against each other. Taking into account the long Fe-Fe distance of 7.8 Å, the similar separation between the digallium centers, and the insulating nature of the bridges between identical redox centers, this assumption appears to be well justified.
The facile synthesis of those macrocycles by treatment of the digallium compound 1 with dicarboxylic acids verifies that the Ga-Ga bond is a very efficient building block for selective molecular self-assembly processes. 15 We hope to further use this method for the synthesis of a broad variety of macrocyclic compounds and to investigate the physical and chemical properties of those macromolecules systematically, for instance with respect to their application as chelating ligands in molecular recognition.
Experimental Section
All procedures were carried out under purified argon. n-Hexane and cyclopentane were dried over LiAlH4; diisopropyl ether, over Na/benzophenone. Commercially available 1,1′-ferrocenedicarboxylic acid (Aldrich) was employed without further purification. Compound 1 was synthesized as described in ref 2.
Synthesis of Compound 2. Compound 1 (0.220 g, 0.284 mmol) was dissolved in 25 mL of n-hexane, cooled to -50°C, and treated with solid 1,1′-ferrocenedicarboxylic acid (0.078 g, 0.285 mmol) in small portions. The solution was allowed to warm to room temperature and stirred for 24 h. The solvent was removed in vacuo, and the residue was dissolved in 10 mL of cyclopentane or diisopropyl ether. Orange-red crystals of 2 were isolated after filtration, concentration, and cooling of the solution to -30°C. Yield: 0.175 g (84%). Dec (argon, sealed capillary): 280°C. Anal. Calcd for C104H184O16Si16Fe4-Ga8 (2921.13): Ga, 19.1; Fe, 7.6. Found: Ga, 19.1; Fe, 7.8 . Compound 2 crystallizes with 1.5 independent molecules in the asymmetric unit; one-half is generated by a crystallographic center of symmetry. Two molecules of diisopropyl ether enclose each formula unit of 2. Thus, three independent ether molecules were observed, one of which showed a disorder of its oxygen atom.
Electrochemistry. All electrochemical experiments were performed in a home-built cylindrical vacuum-tight onecompartment cell. A spiral-shaped Pt wire and an Ag wire as the counter and reference electrodes are sealed directly into opposite sides of the glass wall, while the respective working electrodes (Pt, glassy carbon 1.1 mm, Au 60 µm diameter, polished with 0.25 µm diamond paste (Buehler-Wirtz) before each series of experiments) are introduced via a Teflon screw cap with a suitable fitting. The cell may be attached to a conventional Schlenk line via two sidearms equipped with Teflon screw valves and allows experiments to be performed under an atmosphere of argon with approximately 2.5 mL of analyte solution. The solvents were obtained in the highest available purity from commercial sources (Fluka; CH2Cl2: Burdick&Jackson Brand) and freshly distilled from CaH2 (CH2Cl2) or K (THF) before the experiments. NBu4PF6 (0.25 mM) was used as the supporting electrolyte. All potentials are referenced versus the internal ferrocene/ferrocinium couple. All electrochemical data were acquired with a computercontrolled EG&G model 273 potentiostat utilizing the EG&G 250 software package.
